Abstract. Insulin-like growth factor-1 (IGF-1) is critical in the proliferation and regeneration of Chinese sika deer antler cells.
Introduction
Several studies have proposed that the regeneration and growth of deer antlers may be used as a model for biomedical research (1, 2) . Deer antlers are bony organs, which are cast and regenerated each year. The antler growth center is located in its tip and the antler consists of three layers. These layers are distoproximally the reserve mesenchyme, precartilage and cartilage. Antler growth is achieved through the activity of cells residing in the proliferation zone, particularly in the reserve cartilage layer. Insulin-like growth factor-1 (IGF-1) is a multifunction cell proliferation regulation factor, named due to its structural similarity to insulin (3) . Numerous studies have observed that the biological activation of IGF-1 is varied, playing an active role in cell growth, embryonic differentiation, metabolism and the adjustment of the nervous and endocrine systems (4) (5) (6) . IGF-1 has a positive effect on controlling cell metabolism, regulating cell division and differentiation, inhibiting cell apoptosis and various cell function adjustments (7) .
The proliferation of deer antler cells may be regulated by IGF-1, which has a major effect on promoting the formation of cartilage (8) . As IGF-1 has a growth-promoting role in cartilage formation and the majority of the antler growth center is composed of cartilage, Suttie et al (8) suggested that IGF-I may be the antler growth stimulus (AGS). IGF-1 receptors are located in growing antler tissues (9) . Results of a study by Sadighi et al (10) support the theory that IGF-1 may be the AGS. IGF-1 was found to increase the proliferation of mesenchymal and cartilaginous cells derived from the antler proliferation zone in a dose-dependent manner. The development of deer antlers and the concentration of IGF-1 have a dependent relationship, such that regions containing high levels of IGF-1 grow rapidly (11) . The content of IGF-1 gradually decreases from the top to the bottom of the antler; the cartilage layer has the highest level of IGF-1 and the mesenchyme layer has the lowest level of IGF-1. This is consistent with the theory that cartilage is the fastest growing area of the deer antler (12) . However, the underlying mechanisms regulating the rapid proliferation of velvet antler remain unclear.
MicroRNAs (miRNAs) are a class of endogenous non-coding RNAs formed of 18-24 nucleotides, whose function is to downregulate or inhibit the translation of mRNA and to control gene expression through binding to the 3'-untranslated region (3'UTR) of mRNA (13) . Since miRNA was first located in Caenorhabditis elegans in 1993, it has been studied in various biological processes (14) . With the development of research, a large number of miRNAs have been identified and are known to widely exist in numerous plants and animals (15) . According to the MiRBase database, >9,000 miRNAs have been found in eukaryotes, including 1,000 miRNAs in humans (16) . Furthermore, information in the MiRBase database (www.MiRBase.org) suggests that a single miRNA may regulate various target genes, different miRNAs are capable of regulating the same target genes and ~30% of protein-coding genes may be regulated by miRNAs (17) . Since the diversity and universality of miRNAs have been revealed, certain scholars have hypothesized that miRNA molecules may be the core component of the gene regulation network (18) . Numerous studies investigating miRNA have revealed a deeper gene expression regulation system in organisms, and highlighted the important role of RNA in network control systems (19) . However, whether miRNA is deregulated during the proliferation of deer antler cells and its role in progression remains unclear.
In the present study, we investigated whether IGF-1 is regulated by miRNAs. We used miRNA GeneChip ® (Affymetrix, Santa Clara, CA, USA) and an miRNA target-prediction tool to identify miRNAs that may target IGF-1. MicroRNA-1 (miR-1) was identified as participating in the growth of antler tissues and the restoration of miR-1 expression in deer antler cell lines reduced cell proliferation. Furthermore, we found that the effects of miR-1 were achieved by binding directly to the 3'UTR of IGF-1, thus inhibiting the expression of IGF-1. Our results suggest that miR-1 is crucial in the proliferation of deer antler cells and has potential applications with regard to antler regeneration and growth.
Materials and methods
Cell culture. Top tissue samples from deer antlers were obtained from a three-year-old male Cervus nippon (Changchun, China). Mesenchyme and cartilage tissues were isolated under a dissecting microscope. The tissues were blended and digested by collagenase Ⅰ and hyaluronic acid (Sigma-Aldrich, St. Louis, MO, USA) for 1.5 h at 37˚C, respectively. Subsequently, the tissues were digested further by adding collagenase-Ⅱ (Sigma-Aldrich) for 3 h at 37˚C. Cartilage cells were cultured in DMEM (HyClone, Logan, UT, USA) with 20% fetal bovine serum (FBS), 200 U/ml penicillin and 100 U/ml streptomycin (Tianjin Hao Yang Biological Technology Co., Ltd. Tianjin, China) at 37˚C with 5% CO 2 . The study was approved by the ethics committee of the Institute of Life Sciences, Jilin Agriculture University, Changchun, China.
miRNA gene chip preparation. After culturing mesenchyme cells and cartilage cells for 72 h, they were centrifuged and washed with PBS, respectively. miRNA gene chips were synthesized by RiboBio Co., Ltd. (Guangzhou, China). Data were analyzed using miRNA QC Tool 1 software (Beijing Boao Biological Co., Ltd., Beijing, China) in order to detect differentially expressed miRNAs in the top tissue of the deer antler.
Transfection. Cartilage cells were seeded into each well of 96-well or 6-well plates, respectively. Cells were incubated overnight and subsequently transfected with negative scramble control (NC) RNA or an miR-1 mimic using X-tremeGENE HP DNA transfection reagent (Roche, Mannheim, Germany) at a final concentration of 50 nM.
Quantitative polymerase chain reaction (qPCR).
Following transfection with miR-1 for 24 and 48 h, total RNA, including miRNA, was isolated as described previously (12) and subsequently reverse transcribed to cDNA with a stem-loop RT pr imer for m i R-1 a nd Oligo d(T) 18 for t he β-actin gene. The stem-loop RT primer for miR-1 analysis was 5'-ATGACTGGCCTCCTCAGATCAGTTTGGCCACTG ACTGATCTGAAGGCCAGTCATATACATACTTCTTTA CATTCCA-3' and the qPCR primers were 5'-GCATCTCCA GCCTCCTCAGAT-3' and 5'-GCGCTGGAATGTAA AGAAGTATGTAT-3'. The PCR primers for the β-actin internal control were 5'-TGACCCTTAAGTACC CCATCGA-3' and 5'-TTGTAGAAGGTGTGGTGCCAGAT-3'. Relative expression levels were calculated using the 2 -ΔΔCt method.
Cell proliferation assays. Deer antler cartilage cells, seeded into each well of 96-well plates with complete medium, were transfected with an miR-1 mimic (50 nM) using the X-tremeGENE HP DNA transfection reagent. The control group did not require transfection. Following culture for 24 and 48 h, cell growth was measured using the MTT method. Spent cell culture medium was replaced with 0.1 ml of fresh medium containing 0.5 mg/ml MTT. Cells were incubated at 37˚C for 4 h and the blue-violet crystal precipitate was resolved with 0.1 ml DMSO (Sigma-Aldrich). Absorbance was measured at 570 nm.
Detection of cell cycle. At 24 and 48 h post-transfection, the cartilage cells were harvested and resuspended in PBS, fixed with 75% ice-cold ethanol at 4˚C overnight and stained using a 10% RNase A and 4% propidium iodide (PI) kit (Beijing Dingguo Biotechnology Co., Ltd., Beijing, China) for 1 h at 37˚C. Stained cells were detected using flow cytometry (FCM) and the data were analyzed using Cell-Quest software (Becton Dickinson, San Jose, CA, USA).
IGF-1 3'UTR luciferase reporter assay.
The acquired 3'UTR sequence of IGF-1 was cloned into the pmiR-RB-Report™ vector, downstream of the cytomegalovirus promoter-driven firefly luciferase cassette, in order to construct luciferase reporters with the 3'UTR of IGF-1. Cells were transiently transfected with 50 ng of luciferase reporter plasmid and 5 pmol of miR-1 mimic using X-tremeGENE HP DNA transfection reagent. Following culture for 24 and 48 h, the cell proteins were extracted. Luciferase activity was measured using the Dual-Luciferase Reporter Assay system (Promega, Madison, WI, USA), according to the manufacturer's instructions. Data were normalized by Photinus luciferase activity.
Western blot analysis. Total protein was extracted from cells using RIPA lysis buffer with 1 mM phenylmethyl sulfonylfluoride at 0˚C. Following mixing with a loading buffer, the protein was separated by 12% SDS-PAGE and transferred to polyvinylidene fluoride membranes. Non-specific binding was blocked with 5% dried skim milk in a Tris-buffered saline and Tween-20 (TBST) mixture for 2 h. Subsequently, the membranes were incubated with primary antibodies against IGF-1 at a 1:500 dilution and GAPDH at a 1:1,000 dilution at 4˚C overnight. Primary antibody was rabbit polyclonal anti-IGF1R antibody or rabbit polyclonal anti-GAPDH antibody. Following washing with TBST three times, the membranes were incubated with the secondary antibody goat anti-rabbit IgG-HRP conjugated at a 1:2,000 dilution at 25˚C for 2 h. Following washing with TBST a further three times, immunoreactive bands were visualized using enhanced chemiluminescence (ECL) reagents (Beijing Kang for Century Biotechnology Co. Ltd., Beijing, China).
Statistical analysis. In order to further investigate the mechanisms responsible for the promotion of antler regeneration by miR-1, we sought to identify the molecular targets of miR-1, since miRNAs function through the post-transcriptional inhibition of their target mRNAs by binding to the 3'UTR. Among the numerous predicted target genes in TargetScan, the TargetScan prediction indicated that the deer IGF-1 3'UTR contained a conserved putative miR-1 target site. The characteristics of miR-1 conformed to the results of gene chip screening and software analysis for the deer IGF-1 (Fig. 1) . miR-1 was used in subsequent experiments.
Detection of miR-1 expression levels by qPCR. Subsequently, we further determined the effects of miR-1 on cartilage cells. qPCR analysis revealed that the expression levels of miR-1 in transfected cells were significantly increased compared with the untransfected normal cells, where β-actin was used as an internal control. As shown in Fig. 2 , miR-1 expression levels decreased after 48 h, and levels in transfected cells decreased after 24 h. This indicated that miR-1 had been successfully transfected into the cartilage cells and subsequent tests were performed.
Restoration of miR-1 inhibits cartilage cell growth.
During the investigation of the molecular mechanisms for miR-1-induced IGF-1 inhibition, the expression of miR-1 was found to be inversely correlated with cellular IGF-1 levels. IGF-1 has an important role in antler cell growth. We sought to determine whether miR-1 affects the proliferation rate of cartilage cells using an MTT assay and cell cycle analysis. Cell growth curves demonstrated that the overexpression of miR-1 significantly suppressed cartilage cell proliferation in a time-dependent manner when compared with the NCs, and this suppression occurred within 48 h in the cartilage cells (P<0.05; Fig. 3A ).
To further determine the effect of miR-1 on cartilage cells, cell cycle analysis was performed. As shown in Fig. 3B and C, compared with the NCs, miR-1 induced a significant decrease in the cell cycle process in the cartilage cells. Compared with the control group, the number of cells at the G 1 and G 2 phases were markedly increased. Furthermore, the number of cells at the S-phase decreased (P<0.05, Fig. 3B ). Taken together, these results demonstrated that miR-1 acted as an inhibitor and was capable of markedly reducing the proliferation of antler cells.
miR-1 regulates IGF-1 by binding to its 3'UTR.
miRNAs regulate the expression of target genes by binding to the 3'UTR of specific mRNAs, triggering mRNA degradation or translational repression (14) . To confirm whether IGF-1 is a direct target of miR-1 in cartilage cells, a 510 bp fragment of the 3'UTR of IGF-1 containing the target sequence was cloned Figure 1 . miRNA screening targeting insulin-like growth factor-1 (IGF-1) in the 3'-untranslated region (3'UTR). An miRNA gene chip was used to determine the miRNA content in the cartilage and mesenchyme cells. Ratios of miRNA content between the two cell types that were more than double or less than half were considered to indicate differential expression. In Chinese sika deer, IGF-1 may be a molecular target of miR-1. This figure shows the sequence alignment of miR-1 and its conserved target site in the 3'UTR of IGF-1, which was downloaded from TargetScan. Predicted miR-1 target sequences in the 3'UTR region of IGF-1 are presented. As predicted, two sections of miR-1 bind, respectively. miRNA, microRNA; miR-1, microRNA-1. into a luciferase reporter vector, and the effect of miR-1 on the luciferase activity of each construct in the cartilage cells was tested. As shown in Fig. 4A , miR-1 suppressed the luciferase activity of pmiR-IGF-1 by ~50% compared with the NCs (P<0.05). Western blot analysis demonstrated that the IGF-1 expression level decreased markedly compared with the NCs (Fig. 4B) . Taken together, our results suggested that the 3'UTR of IGF-1 contains the miR-1 binding site and miR-1 is capable of inhibiting the expression of proteins with similar binding sites.
Discussion
miRNAs that are important in the regulation of gene expression have been discovered in various organisms. The main effect of miRNA is to silence the expression of target genes by complementary association with the 3'UTR on the mRNA of the target gene. A number of scholars hypothesize that there are thousands of miRNAs, and that these may control ~30% of gene transcription in the human genome (20) .
Numerous studies have confirmed that IGF-1, an important cell factor, rapidly improves the growth of deer antlers (3) (4) (5) . Although the open reading frame (ORF) section of IGF-1 mRNA is widely conserved in all species, the 3'UTR section is not, such that the homology of Homo sapiens and the Chinese sika deer is <80%. Furthermore, the most effective part of the miRNA is known as the 'seed'. miRNA recognizes target mRNAs with seed-complementary sequences to direct post-transcriptional repression. Many downregulated targets against prediction algorithms have been developed based on this complementarity. This suggests that the miRNA seed sequence, which is the main regulating site, is necessary for However, there have been few reports with regard to Chinese sika deer miRNAs. In the present study, sequences for miR-1 of a known species were the same as those determined by TargetScan Human 5.1 Data Base analysis. Furthermore, the sequences of miR-1 from the total RNA of the Chinese sika deer corresponded with that of other species according to Affymetrix microRNA GeneChip analysis. This implies that miR-1 is widespread in different species and its sequence is conserved during evolution. We performed luciferase reporter screening in order to determine whether IGF-1 is targeted by miRNAs. We selected a pool of 25 miRNAs that had the potential to target IGF-1 according to the microRNA GeneChip, which is reported to have the best performance (21, 22) . We found that miR-1 was capable of targeting the 3'UTR of IGF-1. Therefore, we proposed that the effect of miR-1 on IGF-1 expression results from their near-perfect complementarity, which leads to the degradation of IGF-1 mRNA. miR-1 expression profiles, available from the miRZ database (23) , indicate that miR-1 is preferentially expressed in mesenchyme and cartilage cells (data not shown), suggesting that miR-1 may be involved in antler regeneration. This study provides initial evidence that miR-1 directly regulates the expression of IGF-1 by binding to the IGF-1 3'UTR, in order to promote antler growth and regeneration.
The results of this study showed that miR-1 affected the proliferation of antler cartilage cells. Transfection with an miR-1 mimic significantly inhibited the proliferation of cartilage cells compared with the NC group. These results suggested that a loss of miR-1 contributes to the promotion of cartilage cell proliferation. Furthermore, we found that the cell cycle distribution was affected by miR-1 expression in cartilage cells. The percentage of cells in the S-phase is an important indicator for determining the proliferation of cells. The smaller the percentage of cells in the S-phase, the lower the cell proliferation. FCM analysis indicated that the number of S-phase cells markedly decreased, and miR-1 transfection interacted with and disrupted the antler cells during mitosis. Therefore, this study provides evidence for the first time that miR-1 inhibits proliferation and cell cycle progression in the cartilage cells of deer antlers.
Furthermore, western blot analysis revealed that the expression levels of IGF-1 in cells transfected with the miR-1 mimic was lower than those in the NC group. This further illustrated the inhibitory effect of miR-1 on the expression of IGF-1. Sun et al (22) reported that miR-1 was able to regulate the expression of human IGF-1. In this study, miR-1 repressed the cellular mRNA and protein levels of IGF-1 by directly targeting the binding site within the 3'UTR, which subsequently led to a reduction in cell viability. These results suggested that miR-1 negatively regulates IGF-1 expression at the post-transcriptional level. The repression of the target by miRNA depends on the degree of complementarity between the miRNA and the target. In animals, mature miRNAs suppress gene expression by imperfect base pairing to the 3'UTR of the target mRNAs, leading to the repression of protein production and in certain cases, mRNA degradation.
Since the miRNA-mediated suppression of protein production occurs through a mechanism that operates following the initiation of protein synthesis, a reduction in protein production is not necessarily accompanied by a change in corresponding mRNA levels (25, 26) .
The underlying mechanisms that mediate miR-1 deregulation in deer antler development remain elusive. This study suggests that miR-1 has a crucial role in antler regeneration. Since TargetScan predicted hundreds of potential targets of miR-1, and a single miRNA is capable of targeting multiple mRNAs in order to regulate gene expression (27), other miR-1 targets may also participate in antler development. Based on this theory, further studies are required to identify the additional roles of miR-1 in antler growth. In the future, we aim to determine whether the deregulation of miR-1 expression in antler growth is mediated by epigenetic alterations, including deregulated DNA methylation or histone modification.
